The presence of iron in potable water supply aquifers poses a major water quality problem and may render the supply unsuitable for domestic or industrial uses, unless appropriate treatments is undertaken. Evaluation of redox conditions in groundwater is a prerequisite for studies involving Fe(III
H and δ 18 O, indicate that both Tatiara Creek and Poocher Swamp waters are isotopically more enriched due to evaporation than the pristine water of the aquifer. The Na + /Cl -ion ratio >0.85 for Tatiara Creek, Poocher Swamp and wells within the lens suggest additional sodium source(s) are involved in the evolution of groundwater chemistry. This study use redox potential, dissolved oxygen (DO) and dissolved organic carbon (DOC) contents to describe Fe(III)/Fe(II) transformation in the groundwater, and relate this to iron distribution within the lens. Three distinct redox zones are present in the freshwater lens; anoxic zone up to one kilometre from Poocher Swamp where dissolved oxygen (DO) is <1 mg.L 
Introduction
In nature, iron occurs mostly in two oxidation states; ferrous (Fe +2 ) and ferric (Fe +3 ) depending on prevailing environmental physicochemical parameters, such as pH, oxygen concentration and redox potential (Hedrich et al., 2011 citing Stumm and Morgan, 1996) . Ferrous iron is stable in anoxic environments, but is susceptible to spontaneous chemical oxidation by molecular oxygen (Hedrich et al., 2011) . A high concentration of iron in groundwater is a concern for public water supply. Drinking water quality guidelines (WHO, 1996; ADWG, 2004) . Laundry and sanitary ware will stain at iron concentrations above 0.3 mg.L -1 (WHO, 1996) . Therefore, WHO (2008) as highest desirable and maximum permissible limits. In groundwater systems, naturally occurring solid phase ferric (Fe 3+ or Fe(III)) converts to more soluble ferrous form (Fe 2+ or Fe(II)) through reduction dissolution mechanism in a reducing or anaerobic environment (Valcarce, undated) . The most common cause of reducing reactions is organic matter decomposition; either in solid form or dissolved organic carbon (DOC) (Nelson, 2002) . The redox potential can be correlated with the amount of dissolved oxygen as the decomposition of organic matter depletes dissolved oxygen. As the oxygen content drops, the environment becomes more reducing. All natural waters contain dissolved organic carbon and therefore is a very important component in the biogeochemical cycling of elements (Gooddy and Hinsby, 2008) that influence water quality and fuels microbial metabolism (Shen et al., 2015) .
According to Nelson (2002) (Dimkic et al., 2011 ). Christensen et al. (2000 studied the redox conditions in a contaminant plume and show when sufficient organic matter and other reduced components leak into an aquifer, strongly reducing redox conditions will develop with a transversal redox gradient in the groundwater flow direction. In the outskirts of the lens, redox conditions will approach the redox conditions of the pristine aquifer. Seasonal recharge may result in a situation where the groundwater in the aquifer is oxygenated resulting in oxic condition. After recharge occurs, routine pumping may result in the bulk of the oxygenated water becoming depleted, leading to reducing conditions (Nelson, 2002) . Therefore, understanding the processes involve in iron dissolution is a prerequisite in managing source water supply aquifers.
Microbial oxidation of organic compounds and H 2 with the reduction of Fe(III) is an important process in a variety of subsurface habitats (Lovley, 1997) . Commonly, these organisms couple oxidation of organic matter or hydrogen to the reduction of iron oxides. In general, shallow unconfined aquifers are aerobic, but in certain circumstances anaerobic plumes may develop. Almost all aquatic organisms obtain their energy for metabolic processes from redox reactions (Banchuen, 2002) . Citing Stumm and Morgan (1996) and Sigg (2000) , Banchuan (2002) suggests that redox potentials in natural waters range from about -400 mV to +800 mV at pH 7 to 8. (Frederickson et al., 1998; Lovely, 1997) .
According to Lovely (1997) , low redox potential is not a sufficient condition to bring about Fe(III) reduction but microorganisms that have the capacity to enzymatically reduce Fe(III) are also required. The extent of abiotic Fe(III) reduction is much less than the Fe(III) reduction that takes place when microorganisms completely oxidize the organics to carbon dioxide with Fe(III) serving as the electron acceptor (Lovley, 1997) . Two most intensely studied genera of Fe(III) reducers are the Geobacter and Shewanella species (Lovley, 1997) . Nevin and Lovely (2002) points out it is not necessary that Fe(III) reducing microorganisms come into direct contact with iron oxides in order to reduce them. Electron-shuttling compounds and/or Fe(III) chelators, either naturally present or produced by the Fe(III)-reducing microorganisms themselves, may alleviate the need for the Fe(III) reducers to establish direct contact with Fe(III) oxides in order to transfer electrons from the cell to the Fe(III) oxide surface. Konhauser (1998) show bacteria simply provide charged surfaces that bind metals and then excrete metabolic waste products into the surrounding environment that induce mineralization. The metabolic activity of Fe(II) -oxidizing bacteria can induce ferric hydroxide precipitation as a by-product. In reviewing literature, Konhauser (1998) further describes that when ferrous iron is transported into an oxygenated environment, it spontaneously reacts with dissolved oxygen at circumneutral pH (6.5-7.5) to precipitate rapidly as ferric hydroxides on available nucleation sites. Bacteria passively act as such sites. Liang et al. (1993) also examined the dynamics of dissolved, colloidal and deposited iron phases and observed under increased DO conditions, Fe(II) oxygenation was rapid, resulting in the formation of Fe(III) (hydr)oxide colloids. McMahon and Chapelle (2008) show that redox conditions and their impact on several water quality issues depends on ecological succession of electron acceptors (O 2 >NO 3 ->Mn(IV)>Fe(III)>SO 4 2->CO 2 -) such as dissolved oxygen, nitrate and sulfate. Similarly, solid phase electron acceptors such as Fe(III) are indicated by production of dissolved iron. Those microbial processes that couple the most efficient electron donors to the most efficient electron acceptors have a competitive advantage (Dimkic, 2011) . Dissolved and particulate organic carbon is often the common electron donors available in groundwater. Understanding the extent to which redox reactions occur and reduced species are present within the freshwater lens, is important with respect to drinking water supply. It is therefore essential to characterize the redox conditions in the Poocher Swamp freshwater lens.
Studies of
The present investigation represents an extension of Somaratne and Mann (2016) and is a part of resource assessment efforts of Poocher Swamp fresh water lens. The study provides insight into the processes controlling occurrence of iron in groundwater, which is essential in management of the lens as a public water supply source. Study present stable isotopes within the fresh water lens, shown against the global meteoric water line and the local meteoric water line for Adelaide, to show the degree of evaporative enrichment and possible local recharge areas. Major ion chemistry of groundwater is analyzed to show groundwater mixing along flow paths. We use redox potential, dissolved oxygen and dissolved organic carbon content to describe Fe(III)/Fe(II) transformation in the groundwater, and relate this to iron distribution within the freshwater lens.
Study Site: Poocher Swamp Freshwater Lens
The study site, Poocher Swamp freshwater lens, is located 275 km south-east from Adelaide ( Figure 1 ) and is within the Tatiara catchment area that extends across the South Australian border into western Victoria and previously described by Somaratne (2014) . For brevity, a succinct summary of the study freshwater lens is provided here. The Tatiara catchment area is approximately 500 km 2 (Herczeg et al., 1997) and features average annual rainfall ranging from 400 to 500 mm and pan evaporation of 2000 mm. The unconfined aquifer is Murray Group Limestone and contains brackish water with average total dissolved solids (TDS) > 1400 mg.L -1 . Freshwater with TDS < 1000 mg.L -1 occurs at locations where point recharge takes place through sinkholes. The Poocher Swamp freshwater lens, which is the largest of these freshwater plumes that float on brackish water, is a result of flows from Tatiara Creek that enter Poocher Swamp. The major recharge is through two sinkholes located in the northwest section of the swamp (Herczeg et al., 1997) . In addition to the town water supply, groundwater is also extracted from the surrounding area for irrigated agriculture, mainly pasture, legumes and for viticulture. In addition, dryland grazing is common within the lens area and surroundings. Therefore, prudent management of the Poocher Swamp fresh water lens is vital for economic development.
Method
Water samples were collected from Tatiara Creek, Poocher Swamp, aquifer monitoring wells and town water supply wells in 2012 and 2014. Groundwater samples from monitoring wells were collected using micro-purge (low-flow) sampling procedure (Vail, 2011) . The micro sampling is employed to gain representative groundwater samples within open-hole sections of monitoring wells. Water samples were preserved according to the standard methods specified in Australia/New Zealand standard, AS/NZS 5667.5 (1998) guidelines and chemical analyses were performed at the Australian Water Quality Centre, Adelaide. Analysis of Ca, Mg, Na, K and SO 4 is based on Method 3120B-Metals by plasma emission spectroscopy (APHA/AWWA/WEF Method 3120B, 1999). The following methods described in APHA/AWWA/WEF Methods (2012) were used for analyses of: for chloride, Method 4500-Cl Chloride-E (automated ferricyanide method); for analysis of HCO 3 , Method 2320 Alkalinity-B using radiometer autotitrator; and analysis of DOC is based on the Method 5310 C; for nitrogen Method 4500; for iron and sulphate reducing bacteria Method 9240-E. For the analyses of sulphide, EPA Method 376.2 (1978) and for Fe-total EPA Method 200.8 (1994) were used. In addition, redox couples; nitrate/nitrite, sulphate/sulphide along with free carbon dioxide in groundwater, total iron, iron reducing bacteria and sulphate reducing bacteria were analysed. Following methods described in APHA/AWWA/WEF Standard Methods (2012) were used: for nitrate Method 4500-NO 3 , nitrite Method 4500-NO 2 , sulphide Method 4500-D, iron Method 3500-Fe, iron reducing bacteria 9240-B and sulphate reducing bacteria Method 9240-C. Redox potential and dissolved oxygen were obtained from the field using YSI pro plus (https://www.ysi.com/proplus?Professional-Plus-18) multiparameter probe. The probe was calibrated on the day with ZoBell's ORP/Redox standard solution (http://www.hach.com/zobell-s-orp-redox-standard-solution-500-ml/product?id=7640206194) and readings were taken within a flow cell.
Water samples for stable isotope analysis were collected in 30 mL McArtney glass bottles with metal screw top lids with rubber insert. In order to reduce evaporation, samples were stored and transported inverted. Stable isotope (δ 2 H and δ 18 O) samples were analysed at the Flinders University of South Australia isotope analytical laboratory in Adelaide. The standard procedure for analysis of the Deuterium and Oxygen-18 composition of water is that described by PICARRO (2015).
Results and Discussion

Stable Isotope Signatures
Distinct stable isotopic compositions allow us to distinguish the contribution from various recharge sources such as surface water subject to evaporation or direct recharge of the aquifer. The use of empirical relationship of δ 2 H = 8δ 18 O + 10 (Craig, 1961) for meteoric water on a global scale is a common reference. However, the global meteoric water line (GMWL) relationship varies depending on location and it is necessary to define a local meteoric water line (LMWL) relationship derived from the annual weighted mean of δ 2 H and δ
18
O in local rainfall . Due to the lack of sufficient data for the study area, the Adelaide LMWL is taken as the reference in this study. Both GMWL and LMWL are presented in Figure 2 .
While there are varying degrees of overlap, the majority of groundwater samples are plotted with the Adelaide winter average, with two observations (TWS 10 and WRG047) around the summer average isotope. A majority of the results show good conformance with the MWL indicating that recharge occurred predominantly during winter months and aquifer received vertical recharge downgradient from TWS 10 well. (Table 1) in this zone from TWS 8 to WRG046 further support the view that the influence of diffuse rainfall recharge appears downgradient to TWS 10 well, as there are no other significant point recharge sources. This indicates that evolution of groundwater is a complex mixing of Poocher Swamp water, ambient groundwater and local rainfall recharge that occurs over the distance between the point recharge source and ambient regional groundwater, forming a non-homogeneous freshwater plume.
Two isotopic end members within the lens are the groundwater at WRG044 and the Poocher Swamp. The stable isotope values of WRG044 are below the Adelaide winter average as the study site is about 100 km from the nearest coastline and rainfall is to some extent depleted with respect to heavy isotopes due to continental effect. This represents the pristine water isotopes of the lens. The other end member Tatiara Creek-Poocher Swamp system shows enriched isotope values due to evaporation during sampling period in October, 2012. Herczeg et al. (1997) show dynamic nature of stable isotope and salinity variation in the Poocher Swamp; with annual variation of 
Groundwater Mixing
Understanding of the geochemical compositions, nature and extent of a groundwater mixing zone in a karstic system can help determine the relative importance of non-homogeneity in an aquifer system and its potential impact on the resource estimate. The results of chemical analyses of groundwater in the fresh water lens (from monitoring wells WRG 35 and WRG 32 located adjacent to Poocher Swamp, town water supply wells, and new monitoring wells within and just outside the fresh water lens and the surface water samples taken from Tatiara Creek and Poocher Swamp) are shown in the Piper diagram (Figure 3) . The major ion chemistry results show no dominant cations in Tatiara Creek, Poocher Swamp and town water supply (TWS) wells: TWS 10, TWS 8, TWS 9 and TWS 1. However, alteration of water chemistry of Tatiara Creek (Na-Ca-Mg-HCO 3 -Cl) and Poocher Swamp (Na-Ca-HCO 3 -Cl) water types to calcium dominant water: Ca-Na-HCO 3 , in WRG035 well is the result of dissolution of calcite. Ca and HCO 3 dominant water type (Ca-Na-HCO 3 -Cl) found along the flow path (Somaratne and Mann, 2016 ) that intercepts WRG047,TWS 10, TWS 8 and TWS 9. Higher salinity wells are located outside the freshwater lens, WRG044 with Na-HCO 3 -Cl type water and WRG045 well with Na-Ca-Cl-HCO 3 water type. Hence, groundwater in the lens can be divided into two types based on the dominant cation, i.e., Ca-dominant and Na-dominant types (Somaratne, 2014) . 
Tatiara
Creek n/a n/a n/a n/a 37. (Hem, 1985) , or cation exchange taking place when fresh recharge water, with Ca 2+ and HCO 3 -ions reaches the aquifer. The Na + /Cl -ion ratio >0.85 (sea water ratio) for all wells except WRG044 (0.86) and WRG045 (0.88), supports the suggestion of additional sodium source(s) involved in evolution of the groundwater chemistry. The highest ratio Na + /Cl -ion ratio is found in Tatiara Creek, Poocher Swamp, WRG035 and WRG032 and the ratio decreases along flow paths to the meteoric origin (0.85) at WRG044 to about 0.86 (outside the lens to the south) and at WRG045 to about 0.88 at the boundary to the north of the lens. This indicates, additional sodium may have been derived from sources outside the lens and distributed as the plume spreads.
Redox Control on Fe(III)/Fe(II) Transformation
In order to understand the Fe(III)/Fe(II) transformation, it is essential to consider physical, chemical and biological processes that occur within the Tatiara Creek-Poocher Swamp surface water and the shallow groundwater system. The main chemical changes that influence the iron transformation is the organic matter decomposition that depletes the oxygen in groundwater, leading to reducing condition (Matsunaga et al., 1993) .
Typically, the oxidation-reduction state is plotted in Eh-pH diagram, but a broad classification of redox potentials from oxic to anoxic conditions are given in GES166/266n (2000) as:
Oxic Eh > 400 mV Suboxic 100 < Eh < 400 mV Anoxic Eh < 100 mV Studies of different forms of iron in waterlogged soil over a wide range of closely controlled redox potential and pH conditions (Gotoh and Patrick, 1974) show critical redox potentials (Eh) for iron reduction and consequent dissolution was between +300 mV and +100 mV at pH 6 and 7, and −100 mV at pH 8. According to Sigg (2000) , iron reduction can occur at redox potential -100 mV at pH 8 and up to +100 mV at pH 7.
Thus, with respect to iron reduction in this study, three distinct zones are identified: from WRG035 to WRG047 wells, Eh range from +87.7 to +111.4 (Table 1) indicating predominantly anoxic conditions; in the east-west direction from TWS 8 to TWS 1 and north-south direction from TWS 12 to WRG044 showed predominantly oxic (Eh>+300) conditions; and in between areas sub-oxic conditions with both iron reduction and oxidation is possible. Under anoxic or reducing conditions, organic matter breakdown is mediated by bacteria (Lovley, 1997) . Appelo and Postma (2007) describe the process as follows: 'in the first step, fermenting bacteria excrete enzymes that hydrolyze the polysaccharides and break them down to alcohols, fatty acids and H 2 . In the next step, other bacteria degrade the alcohols and long chained fatty acids further to acetic acid (CH 3 COOH), formic acid (CHOOH), H 2 and CO 2 . In the last step, the fermentative intermediate acetate, formate and H 2 are oxidized by oxidants or terminal electron accepting processes'. Thus: Figure 4 in a conceptual diagram. In the sub-oxic zone from WRG047 to TWS 8 where redox potential is 100<Eh<300 mV, both oxidation and reduction is possible. Mejia et al. (2016) describe the process as oscillations between reducing and oxidizing conditions at the interface of anaerobic/oxic and anaerobic/anoxic environments, and are often stimulated by an alternating flux of electron donors (e.g., organic carbon) and electron acceptors (e.g., O 2 and NO 3 -). In the iron (Fe) rich sediments of the Murray Group Limestone in the freshwater lens, these oscillations may stimulate the growth of both Fe-reducing bacteria (Table 2 ) and Fe-oxidizing bacteria (Meija et al., 2016) , and their metabolism may induce cycling between Fe(II) and Fe(III). In contrast, introduction of O 2 with recharge water results in increased Fe(II) oxidation and so reduces iron in groundwater as observed in TWS 8 to TWS 1. According to Konhauser (1998) , in oxygenated waters, iron hydroxides are a common precipitate and can form passively through the binding of dissolved ferric species to negatively charged polymers, or when soluble ferrous iron spontaneously reacts with dissolved oxygen to precipitate as ferric hydroxide on available nucleation sites (e.g., bacteria). , but in our study, nitrate concentrations at all sampling points are <0.5 mg.L -1 (Table 2) . Nitrate reduction has occurred in the Tatiara Creek-Poocher Swamp system (NO 3 <0.1 mg.L -1 ), possibly as a part of organic matter decomposition according to (Vance, 1996) : /H 2 S show no evidence to whether they act as electron acceptors. Nitrate is a common inorganic pollutant in shallow groundwater aquifers and drinking water abstraction wells and is often seen as a pollutant linked to agricultural sources (Jorgenesen et al., 2009) . Despite the study area being an agricultural catchment, marked reduction in nitrate levels present in the Tatiara Creek-Poocher Swamp systems and groundwater within the freshwater lens suggest denitrification is taking place. It is essential to understand the physical, chemical and biological processes that could lead to distribution of iron within the freshwater lens. In this regard, accurate mapping of DO, DOC and redox potential of groundwater is important in delineating the exploitable freshwater for public water supply. Results imply that redox conditions of groundwater change from anoxic to suboxic and to oxic through the east-west trending flow path.
The Fe
2+
, once mobilized from the anoxic zone is eventually reoxidized on reaching a zone of higher Eh, forming Fe(III) oxides. The reoxidation of ferrous iron in oxygen rich, circum-neutral pH waters is usually rapid and abiotic (Hedrich et al., 2011) . Despite an oxic environment in the wellfield area (area covering TWS 8 to TWS 1, and TWS 11 and TWS 12), that is favorable for self-purification of iron in groundwater, a small oxygenated area (about 0.4 km 2 ) limits further groundwater development for town water supplies.
Conclusions
This study shows that combined interpretation of hydrochemical data with dissolved oxygen, dissolved organic carbon and redox potential in the freshwater lens enabled the assessment of the mechanism of iron distribution within the lens. The direct conduit flow paths from the Poocher Swamp carry anoxic water and should be avoided for future well developments. The hydrogeochemical characteristics of groundwater in the freshwater lens comprise two main water types; Na-Ca-HCO 3 -Cl and Ca-Na-HCO 3 -Cl. Excess Na + ion within the freshwater lens is derived from outside the lens. Stable isotopic composition of δ 2 H and δ
18
O increases of DO in groundwater indicate the wellfield area receives localised diffuse rainfall recharge as there are no other significant point recharge sources. This indicates that the evolution of groundwater is from complex mixing of Poocher Swamp water, ambient groundwater and local rainfall recharge, making a non-homogeneous freshwater plume. Microbial decomposition of organic matter within the Tatiara Creek-Poocher Swamp system has led to depleted oxygen in recharge water, creating strong reducing environments. Results imply that redox conditions of groundwater change from anoxic to suboxic and to oxic through east-west trending flow path. Management strategies are pursued to achieve long-term sustainable water supply from the freshwater lens. It is apparent that abstractions need to balance both, the recharge water from the Poocher Swamp for low salinity groundwater, and diffuse recharge for oxygenation of ferrous iron. A water balance study using a numerical groundwater model may provide useful information on through flow and vertical recharge to the wellfield area. As groundwater extraction may also remove dissolved oxygen, well abstraction practice need to follow pumping and recovery cycles allowing fresh oxygenated groundwater to flow into the wellfield. As biogeochemical processes in the freshwater lens are dynamic, periodic monitoring of DO, DOC, redox potential, nitrate and iron in groundwater is a necessity.
